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SUMMARY 
Opera t ion  o f  spacec ra f t  t h r u s t e r s  a t  increased temperature reduces p rope l -  
l a n t  requirements.  Inasmuch as p r o p e l l a n t  comprises the  b u l k  o f  a s a t e l l i t e ' s  
mass, even a small  percentage r e d u c t i o n  makes p o s s i b l e  a s i g n i f i c a n t  enhance- 
ment of the  mission, i n  terms o f  increased payload. Because o f  i t s  e x c e l l e n t  
h i g h  temperature s t reng th ,  rhenlum i s  o f ten  the s t r u c t u r a l  m a t e r i a l  o f  choice.  
I t  can be f a b r i c a t e d  i n t o  f ree -s tand ing  shapes by chemical vapor d e p o s i t i o n  
(CVD) o n t o  an expendable mandrel. What rhenium lacks i s  o x i d a t i o n  r e s i s t a n c e ,  
b u t  t h i s  can be prov ided by a c o a t i n g  of i r i d i u m ,  also by CVD. Th is  paper 
descr ibes  the process used by U l t ramet  t o  f a b r i c a t e  22-N ( S - l b f )  and, more 
r e c e n t l y ,  445-N (100- lb f )  I r / R e  t h r u s t e r s ;  cha rac te r i zes  the  CVD-deposited 
m a t e r i a l s ;  and summarizes the  m a t e r i a l s  e f fec ts  of f i r i n g  these t h r u s t e r s .  
Optimal p r o p e l l a n t  m ix tu re  r a t i o s  can be employed because the m a t e r i a l s  w i th -  
stand an o x i d i z i n g  environment up t o  the  m e l t i n g  temperature o f  i r i d i u m ,  
2400 O C  (4350 O F ) .  
INTRODUCTION 
Rhenium and i r i d i u m ,  two o f  the th ree  heav ies t  metals,  h a r d l y  would seem 
s u i t a b l e  as the  s tu f f  spacec ra f t  engines are made of. Yet i n  f a c t ,  these 
obscure meta ls  have made p o s s i b l e  a s i g n i f i c a n t  improvement i n  the performance 
o f  s a t e l l i t e  o r b i t  i n s e r t i o n  and r e a c t i o n  c o n t r o l  t h r u s t  chambers. 
t i e s  o f  rhenium and i r i d i u m  which made t h i s  both p o s s i b l e  and p r a c t i c a l  
i nc lude  the  f o l l o w i n g :  
The proper -  
The ve ry  h i g h  m e l t i n g  temperatures o f  these meta ls :  3180 O C  (5760 O F )  for  
rhenium and 2440 O C  (4420 O C )  for  i r i d i u m .  
The h i g h  temperature s t r e n g t h  and thermal shock r e s i s t a n c e  
which surpass those o f  a l l  o t h e r  elements and almost a l l  a 
The h i g h  temperature chemical i ne r tness  o f  i r i d i u m ,  a p l a t  
me ta l .  
o f  rhenium, 
loy systems. 
num group 
The a b i l i t y  t o  f a b r i c a t e  bo th  o f  these meta ls  to  n e t  shape by chemical 
vapor depos i t i on  (CVD).  
BACKGROUND 
The m a j o r i t y  o f  a s a t e l l i t e ' s  mass cons is t s  of the  p r o p e l l a n t  needed for 
o r b i t  i n s e r t i o n  and a t t i t u d e  c o n t r o l .  Improvements i n  engine e f f i c i e n c y  
increase the a l lowab le  payload i n  d i r e c t  p r o p o r t i o n  t o  p rope- lan t  savings. 
S p e c i f i c  impulse i s  the usual measure o f  r o c k e t  engine p ropu ls ion  e f f i -  
c iency.  This  i s  b a s i c a l l y  the  momentum of the  combustion products l e a v i n g  the  
exhaust nozz le d i v i d e d  by the  mass o f  the  reac tan ts  ( t h e  p r o p e l l a n t ) .  As  i n  
a1 1 thermal engines, r e a c t i o n  temperature i s  the  determinant  o f  e f f i c i e n c y .  
Y e t  the l i m i t a t i o n  on the  e f f i c i e n c y  of r o c k e t  engines u n t i l  now i s  n o t  t he  
maximum temperature a v a i l a b l e  from the  combustion process, b u t  r a t h e r  the  ab1 1- 
i t y  o f  the  m a t e r i a l s  compr is ing the  engine t o  w i ths tand the  i n t e r r e l a t e d  the r -  
mal, mechanical, and chemical e f f e c t s  o f  combustion. 
Ox ida t i on - res i s tan t  coa t ings  and c o o l i n g  a re  employed t o  overcome t h i s  
m a t e r i a l  l i m i t a t i o n .  A t y p l c a l  l l q u i d  b i p r o p e l l a n t  engine i s  a d i s i l l c i d e -  
coated n iob ium a l l o y  chamber employing n i t r o g e n  t e t r o x i d e  (N2O4, or NTO) and 
monomethyl hydraz ine (MMH). I n  o rde r  t o  keep the  wa l l  temperature below the  
nominal upper use temperature of 1320 O C  (2400 O F ) ,  30 t o  40 percent  o f  the  
f u e l  i s  i n j e c t e d  as a f i l m  a long the  surface o f  the combustion chamber 
( r e f .  1 ) .  I n  a d d i t i o n  t o  p r o v i d i n g  coo l i ng ,  the  fue l  f i l m  a l s o  forms a bar-  
r i e r  t o  the  o x i d i z e r ,  which i s  i n j e c t e d  c e n t r a l l y .  Even so, i n  o rde r  t o  keep 
o x i d a t i o n  t o  an acceptable l i m i t ,  o x i d i z e r l f u e l  m i x t u r e  r a t i o s  (MRs) must be 
kep t  a t  l e v e l s  s u b s t a n t i a l l y  below those which y i e l d  op t ima l  s p e c i f i c  impulse. 
F i l m  c o o l i n g  e x t r a c t s  a s i g n i f i c a n t  p e n a l t y  i n  performance. New chamber 
m a t e r i a l s  ab le  to  w i ths tand h igher  temperatures and reduce o r  e l i m i n a t e  f u e l  
f i l m  c o o l i n g  can p rov ide  impor tan t  economic gains for  a space miss ion.  
Rhenium was recognized by the  J e t  Propu ls ion  Laboratory  as an e x c e l l e n t  
candidate I n  t h i s  respec t .  I n  c o l l a b o r a t i o n  w i t h  U l t ramet ,  JPL produced sev- 
e r a l  rhenium and rhenium-coated t h r u s t  chambers, and t e s t - f i r e d  them w i t h  a 
v a r i e t y  o f  p r o p e l l a n t s  t o  o b t a i n  performance da ta  ( r e f s .  2, 3 ,  and 4) .  Using 
f l u o r i n e l h y d r a z i n e ,  steady s t a t e  t h r o a t  temperatures o f  n e a r l y  2000 O C  
(3630 O F )  were susta ined f o r  t en  minutes or so w i thou t  any apparent co r ros ion  
or eros ion  o f  the  rhenium. Aerojet Techsystems a l s o  has i n v e s t i g a t e d  rhenium 
t h r u s t e r s  f a b r i c a t e d  by U l t ramet .  For the  NTOlMMH p r o p e l l a n t  sys tem w i t h  f u e l  
f i l m  coo l i ng ,  Aerojet repo r ted  t h a t  uncoated rhenium can operate a t  steady 
s t a t e  up t o  about 2065 OC (3750 O F )  and a m ix tu re  r a t i o  o f  1.5 w i t h o u t  appre- 
c i a b l e  m a t e r i a l  l o s s .  Measurable reg ress ion  i s  observed, however, i n  the  o p t i -  
mal performance range o f  MR = 1.65 t o  2.0, y i e l d i n g  l i m i t e d  chamber l i f e .  
Uncoated rhenium i s  unsu i tab le  f o r  more than a f e w  hundred p u l s i n g  ( o n l o f f )  
cyc les  because u n c o n t r o l l e d  s t a r t u p  and shutdown t r a n s i e n t s  r e s u l t  i n  m a t e r i a l  
o x i d a t i o n .  C l e a r l y ,  rhenium needs to  be p ro tec ted  from o x i d a t i o n  i f  the  o p t i -  
mal combustion cond i t i ons  for  NTOIMMH are  t o  be a t t a i n e d .  
Fo r tuna te l y ,  a c o a t i n g  m a t e r i a l  which m e e t s  these requirements e x i s t s  i n  
the form o f  the  p la t i num group metal  i r i d i u m .  I r i d i u m  bonds to, b u t  does n o t  
form a e u t e c t i c  w i th ,  rhenium ( r e f .  5 ) ;  i t s  thermal expansion i s  ve ry  c lose  t o  
t h a t  of  rhenium; and I t  i s  reasonably r e s i s t a n t  t o  o x i d a t i o n  up to  i t s  m e l t i n g  
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point. None of the platinum group metals is completely inert to oxidation; at 
high temperature, all but osmium form a volatile oxide resulting in linear 
recession of the surface. Recession rates are shown in figure 1 (ref. 6 ) .  
Ever since the early 1960s, a number of attempts were made t o  produce 
coatings of iridium on various refractory substrates, without much success. 
Iridium has been electrodeposited from fused salt (sodium and potassium cya- 
nate) baths. The resultant coatings, however, were porous and brittle, and 
proved ineffective in preventing oxidation of the base metal (refs. 7 and 8) .  
Plasma spraying of platinum and iridium likewise resulted in porous deposits. 
Gas-pressure bonding can eliminate porosity and enhance adhesion, but it i s  
cumbersome and not applicable t o  complex shapes (ref. 9). CVD was attempted 
by several investigators, but adhesion, adequate thickness, and impermeability 
were not achieved (refs. 10, 1 1 ,  12, and 13). Iridlum can be sputtered, but 
the deposition rate is slow and the process i s  not adaptable to intricate 
shapes (ref. 1 4 ) .  
FABRICATION 
Fabricating a refractory metal into the thin-shell configuration of a 
thrust chamber is a real challenge. 
brittle, impossible t o  draw and very difficult t o  machine. 
be expensive, so that hogging a shape out of a billet i s  not cost-effective. 
The refractory metals are typically very 
They also tend t o  
Chemical vapor deposition (CVD) is a process that has been used with 
great success in such cases. 
as a method of fabricating integrated circuits from thin layers of exotic mate- 
rials with precisely controlled composition and purity. Another use of CVD 
has been developing rapidly: the building up of thick structural layers of 
(usually) refractory metals and ceramics. 
CVD is best known i n  the semiconductor industry 
CVD has been studied scientifically for more than a century, but only 
recently has this technique left the laboratory and become a production tool. 
CVD is a method of plating which relies on the chemical reaction of a vapor at 
a surface t o  form solid structural deposits. Since this occurs o n  an 
atom-by-atom basis, impurity levels are typically less than 0.1 percent and 
densities are those of the bulk material. 
compound o f  the element t o  be deposlted, whlch is flowed over a heated sub- 
strate, resulting in thermal decomposition o r  reduction o f  the gaseous com- 
pound and subsequent deposition of the material onto the substrate. The first 
layer forms at nucleation sites; after the substrate is fully covered, growth 
continues o n  the crystal faces of the deposit. 
The CVD process utilizes a gaseous 
Successful CVD -- dense, adherent coatings -- depends on experimentally 
determining the optimal deposition parameters. These parameters include the 
gaseous compound of the material to be deposited, substrate temperature, gas 
concentration, flow, pressure and geometry within the reaction chamber, coat- 
ing thickness, and substrate material. For the coating to have high integrity 
and adhesion t o  the substrate, the substrate either must have a similar coeffi- 
cient of expansion t o  that of the deposited material, or form a strong chemi- 
cal or metallurgical bond with it. The thinner the coating, the less similar 
the coefficients of expansion need be. 
intermetallic bond and have widely differing coefficients of expansion, a good 
bond can often be achieved by using a thin interlayer of a third material. 
Where coating and substrate form no 
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The e s s e n t i a l  requirements o f  a CVD f a c i l i t y  a re  t h a t  the  s u b s t r a t e  be 
mainta ined a t  the c o r r e c t  temperature and the  p l a t i n g  gases be supp l ied  i n  t h e  
c o r r e c t  r a t i o  and a t  t h e  c o r r e c t  pressure.  
r e s i s t i v e l y ,  i n d u c t i v e l y ,  or i n  a h o t  w a l l  furnace. The composi t ion o f  t h e  
p l a t i n g  gases i s  determined by t h e  type  of r e a c t i o n  to  be used. 
r i a l s  may be deposi ted u s i n g  d i f f e r e n t  compounds and d i f f e r e n t  r e a c t i o n s  a t  
d i f f e r e n t  temperatures, w i t h  each producing good coat ings  b u t  d i f f e r e n t  crys-  
t a l  s t r u c t u r e s .  
s i t i o n  o f  the a p p r o p r i a t e  elements. Some of t h e  p l a t i n g  gases are  v o l a t i l e  
l i q u i d s  or s o l i d s  which are  commerc ia l ly  a v a i l a b l e .  I n  o t h e r  cases, t h e  com- 
pounds are made i n  s i t u  as r e q u i r e d .  
The subs t ra te  i s  t y p i c a l l y  heated 
The same mate- 
Compounds and a l l o y s  can be deposi ted by simultaneous codepo- 
The schematic o f  a t y p i c a l  CVD apparatus i s  shown I n  f i g u r e  2. I n  t h i s  
case, rhenium i s  be ing  depos i ted  o n t o  a mandrel. C h l o r i n e  gas i s  fed I n t o  a 
chamber c o n t a i n i n g  rhenium meta l .  The rhenium i s  heated i n i t i a l l y  to 500 O C  
(930 O F )  and r e a c t s  w i t h  the  c h l o r i n e  t o  form rhenium p e n t a c h l o r i d e  (ReC15). 
The rhenium need o n l y  be heated i n i t i a l l y ,  s ince  t h e  r e a c t i o n  i s  exothermic 
and s u f f i c i e n t  heat  i s  produced t o  s u s t a i n  i t .  The ReC15 then passes over  t h e  
mandrel, which has been heated t o  1200 O C  (2200 O F )  by t h e  i n d u c t i o n  c o i  1. A t  
the  h o t  mandrel sur face,  t h e  ReC15 decomposes, w i t h  rhenium metal  d e p o s i t i n g  
on the  mandrel and c h l o r i n e  gas pass ing o u t  t h e  exhaust. 
form can be used as a c o a t i n g  or, by making i t  s u f f i c i e n t l y  t h i c k  and removing 
t h e  mandrel,  a f ree-standing s t r u c t u r e  can be obta ined.  
The rhenium i n  t h i s  
The procedure developed a t  U l t r a m e t  f o r  d e p o s i t l n g  I r i d i u m  uses l r l d l u m  
pentanedionate as the  precursor  compound. 
a l s o  known as i r i d i u m  acety lace tonate  (IR ac-ac i n  s h o r t ) ,  w i t h  the  s t r u c t u r a l  
formula IR(CH3COCHCOCH313. I t  i s  ob ta ined commerc ia l ly  as a s o l i d ,  i n  e i t h e r  
powder or c r y s t a l  form. The schematic o f  a t y p i c a l  CVD apparatus for  depos i t -  
i n g  i r i d i u m  i s  shown i n  f i g u r e  3. I r  ac-ac i s  heated r e s i s t i v e l y  i n  t h e  h o r i -  
z o n t a l  arm o f  the  g l a s s  chamber. The c a r r i e r l r e a c t i o n  gases sweep t h e  sub- 
l imed I R  ac-ac vapor p a s t  t h e  p a r t  to  be coated, which i s  heated by a 450 kHz 
magnetic f i e l d ;  i r i d i u m  p l a t e s  o u t  on t h e  p a r t ,  w h i l e  t h e  r e a c t i o n  products  
a re  exhausted. The p r e c i s e  d e t a i l s  o f  t h i s  process are  p r o p r i e t a r y .  
The process used for f a b r i c a t i n g  i r id ium-coated  rhenium t h r u s t e r s  i s  
i n t e r e s t i n g  because o f  i t s  n o v e l t y .  
whose sur face  conforms t o  t h e  i n s i d e  surface of t h e  t h r u s t  chamber. Th is  man- 
d r e l  i s  made o f  a m a t e r i a l  which i s  m e t a l l u r g i c a l l y  compat ib le  w i t h  t h e  
t h r u s t e r  m a t e r i a l s :  i t  must be d i m e n s i o n a l l y  s t a b l e  a t  process temperatures,  
n o t  form a e u t e c t i c ,  have a s i m i l a r  thermal expansion, and be easy t o  remove 
a f te rward .  
This  o rganometa l l i c  compound i s  
The f i r s t  s t e p  i s  t o  f a b r i c a t e  a mandrel 
Molybdenum and g r a p h i t e  a r e  o f t e n  used f o r  t h e  mandrel.  
The second step i s  t o  d e p o s i t  t h e  i r i d i u m  c o a t i n g  on the  mandrel,  
t y p i c a l l y  25 t o  50 microns (1-2 m i l s ) .  
makes i t  much e a s i e r  t o  i n s p e c t  for de fec ts ,  as compared t o  i n s p e c t i n g  a 
depos i t  on the  i n s i d e  sur face  o f  t h e  t h r u s t e r  l a t e r  on. Furthermore, bonding 
o f  the  i r i d i u m  to  the  rhenium occurs a t  t h e  h i g h e r  temperature o f  t h e  rhenium 
CVD process. 
D e p o s i t i n g  the  i r i d i u m  a t  t h i s  stage 
The t h i r d  s tep  i n v o l v e s  d e p o s i t i n g  rhenium t o  a th ickness  o f  1 mm 
(40 m i l s )  or more. The d e p o s i t i o n  process i s  m o d i f i e d  a t  the  f i n a l  stage t o  
leave the  rhenium w i t h  a h i g h l y  d e n d r i t i c  ( n e e d l e l i k e )  g ra ined sur face  which 
has a h i g h  e m i s s i v i t y .  Th is  a i d s  i n  r a d i a t i v e  c o o l i n g  o f  t h e  chamber d u r i n g  
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opera t i on .  The ends are  
c a l l y  o r  e lect rochemical  
chamber. 
machined t o  proper  l eng th  and the  mandrel i s  chemi- 
y d i sso l ved  ou t ,  l e a v i n g  a f ree-standing t h r u s t  
Two types o f  IR/Re t h r u s t e r s  have been fab r i ca ted  thus f a r .  The f i r s t  i s  
a low- thrust ,  22-N ( 5 - l b f )  chamber fo r  o r b i t  i n s e r t i o n ,  s t a t i o n  keeping, or 
a t t i t u d e  c o n t r o l .  F igure  4 shows an i r id ium-coated  mandrel and a completed 
t h r u s t e r .  The "b lack"  rhenium sur face i s  q u i t e  ev ident .  These 22-N t h r u s t e r s  
burn e i t h e r  NTO/MMH ( f o r  A e r o j e t )  or gaseous 02/H2 ( fo r  NASA). 
The second c lass  o f  t h r u s t e r  i s  a 445-N (100- lb f )  high-performance 
F igure  5 shows the  mandrel and a completed t h r u s t e r .  
NTO/MMH t h r u s t  chamber designed for  spacecraf t  t r a j e c t o r y  c o r r e c t i o n s  and 
o r b i t  changes. 
p u l s i o n  system. 
This  i s  a candidate f o r  the JPL Mar iner  Mark I 1  spacecra f t  pro- 
METALLOGRAPHIC ANALYSIS 
The i r i d ium/ rhen ium depos i ts  are evaluated i n  th ree  ways: 
The ends o f  the chambers, which are  machined of f ,  a re  sect ioned,  se rv ing  
as ana lys i s  surrogates f o r  the  adjacent  m a t e r i a l .  
A coated mandrel may be s a c r i f i c e d  f o r  meta l lograph ic  ana lys i s .  
Thrusters  which have completed l i f e  cyc le  h o t - f i r e  t e s t s  a re  sect ioned.  
The f i r s t  method i s  use fu l  i n  assessing the  q u a l i t y  o f  the  bond between 
the  i r i d i u m  and rhenium, and i n  i n s p e c t i n g  for p o r o s i t y  and vo ids  i n  the  depo- 
s i t s .  The second method i s  used to  eva lua te  the  th ickness  d i s t r i b u t i o n  o f  the  
depos i ts ,  as w e l l  as fo r  the  foregoing. The t h i r d  method revea ls  any adverse 
e f f e c t s  which occur as a consequence o f  f i r i n g ,  i n c l u d i n g  any loss o f  i r i d i u m  
as a r e s u l t  o f  o x i d a t i o n .  
The micrographs i n  f i g u r e s  6 and 7 a re  t y p i c a l  o f  the  22-N chamber I n l e t  
end sec t i on  ( f i r s t  method). Both the  rhen ium/ i r i d ium and ir idium/molybdenum 
i n t e r f a c e s  a re  v i s i b l e  i n  the  po l i shed  and etched s e c t i o n  shown i n  f i g u r e  6. 
Only the rhen ium/ i r i d ium i n t e r f a c e  i s  v i s i b l e  i n  t h e  po l i shed,  unetched sec- 
t i o n  shown, a t  g rea te r  magn i f i ca t i on ,  i n  f i g u r e  7. The q u a l i t y  o f  the  
i r i d ium/ rhen ium bond appears t o  be e x c e l l e n t .  There i s  no s i g n  of p o r o s i t y  I n  
the i r i d i u m  or the rhenium. A problem has been encountered i n  the  f a b r i c a t i o n  
o f  the much l a r g e r  445-N (100- lb f )  t h r u s t e r s ,  i n  t h a t  s p a l l i n g  o f  the  i r i d i u m  
coa t ing  has occurred i n  the  nozz le reg ion .  Examinat ion o f  ad jacent  unspa l led  
m a t e r i a l  shows evidence o f  impai red bonding and vo ids  w i t h i n  the  depos i ts .  
Th is  problem i s  be ing addressed v i a  a NASA Lewis-sponsored technology program. 
HOT-FIRE TESTING 
Several 22-N ( 5 - l b f )  I r / R e  t h r u s t  chambers were f a b r i c a t e d  by U l t ramet  
for  the  A i r  Force Rocket Propu ls ion  Laboratory  (now the  As t ronau t i cs  Labora- 
t o r y )  ( r e f .  15) and for NASA Lewis Research Center ( r e f .  16). Prior t o  t h i s  
development, o x i d i z e r / f u e l  m ix tu re  r a t i o s  had been kep t  suboptimal to  avo id  
burnthrough o f  the  rhenium. The imperviousness o f  i r i d i u m  made i t  p o s s i b l e  t o  
r a i s e  the NTO/MMH m ix tu re  r a t i o  t o  a t  l e a s t  1.65, the  l e v e l  cons t ra ined by the  
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tankage system. Under t h l s  more o x i d i z i n g  c o n d i t i o n ,  the chamber temperature 
reaches over 2200 O C  (4000 O F )  ( r e f .  17). Nonetheless, one I r / R e  nozz le  has 
surv ived over 4000 cyc les  and 15 hours o f  cont inuous opera t i on  w i t h  no meas- 
u rab le  change i n  t h r o a t  dimensions. 
a f a i l u r e  o r i g i n a t i n g  a t  t he  sur face  f a c i n g  the  combustion. The two f a i l u r e s  
which have occurred r e s u l t e d  from chemical a t t a c k  from the o u t s i d e  due to  the 
leakage o f  oxygen i n t o  the a l t i t u d e  s i m u l a t i o n  c e l l ;  t h i s ,  o f  course, cou ld  
n o t  occur i n  a t r u e  space environment. 
None o f  the  22-N chambers has experienced 
Two 445-N (100- lb f )  I r / R e  t h r u s t  chambers were h o t - f i r e d  by A e r o j e t  
e a r l i e r  t h i s  year (1988). One has accumulated over  f o u r  hours o f  f i r i n g  a t  
temperatures up to  2000 O C  (3630 O F ) .  Some b l i s t e r s  have appeared, b u t  they  
apparent ly  do no t  extend to  the  rhenium i n t e r f a c e  because the re  has been no 
weight loss or o t h e r  s i g n  o f  rhenium a t t a c k .  
h o t - f i r e d  for 3000 seconds to date.  Both u n i t s  remain se rv i ceab le  and a w a i t  
a d d i t i o n a l  t e s t i n g .  Some problems w i t h  s p a l l i n g  o f  the  i r i d i u m  c o a t i n g  i n  t h e  
nozzle reg ion  d u r i n g  d e p o s i t i o n  were experienced w i t h  these l a r g e r  nozzles.  
Because the  reg ion  i n v o l v e d  i s  dep le ted  o f  oxygen d u r i n g  f i r i n g ,  the t h r u s t e r s  
were completed desp i te  the m iss ing  i r i d i u m ,  w i t h  no adverse e f f e c t  on opera- 
t i o n .  Thrus t  chambers now are be ing  f a b r i c a t e d  for the  more severe c o n d i t i o n s  
imposed by the  gaseous 02/H2 p r o p e l l a n t  used by NASA. 
The o t h e r  u n i t  has been 
CONCLUDING REMARKS 
Rhenium can be f a b r i c a t e d  i n t o  a t h i n - s h e l l e d  chamber which can w i ths tand  
the s t resses  encountered i n  a rocket engine o p e r a t i n g  a t  over  2200 O C  
(4000 O F ) .  
I r i d i u m  p r o t e c t s  rhenium from NTO/MMH combustion gases a t  2100 t o  2200 O C  
(3800-4000 O F )  for  a t  l e a s t  15 hours. 
Chemical vapor d e p o s i t i o n  (CVD) i s  a p r a c t i c a l  f a b r i c a t i o n  process for  
both i r i d i u m  and rhenium i n  r o c k e t  engine a p p l i c a t i o n s .  
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FIGURE 4. - 22-N (5-LBF) THRUSTER (RIGHT); MANDREL (LEFT) 
-. \.--- 
FIGURE 5. - 445-N (~OO-LBF) THRUSTER (LEFT); MNDREL (RIGHT). 
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FIGURE 6. - LOW MAGNIFICATION NICROGRAPH OF SECTION AT INLET 
END OF 22-N (5-LBF) Ir/Re COATED RO MNDREL. 
FIGURE 7. - HIGH MAGNIFICATION OF SECTION AT INLET END OF 
22-N (5-LBF) Ir/Re COATED NO MANDREL SHOWING Ir/Re 
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